Researchers in urban housing and community development face significant challenges in evaluating the success of efforts to improve urban neighborhoods, and identifying underlying theories that might predict the success of future initiatives. Practitioners in this field confront political considerations, restrictive administrative guidelines and limited funding.
I. Introduction
Housing is a key component of the U.S. economy: in 2001, housing comprised more than a third of the nation's tangible assets, and, in the form of home building and remodeling, housing consumption and related spending represented more than 21 percent of the U.S. gross domestic product. Since 2001, home sales, prices, equity and debt have all grown substantially, enabling millions of Americans to purchase ever-greater amounts of goods and services (Joint Center for
Housing Studies 2006).
Housing that is decent-quality and affordable (generally defined as consuming less than 30% of a family's income) enables families to enjoy improved life outcomes on a variety of dimensions, such as household wealth, family stability, mental and physical health, labor market participation, educational achievement and neighborhood quality (Rohe, McCarthy and Van Zandt 2001) . Decent and affordable housing also contributes to the improved physical, economic, environmental and social health-the sustainability-of communities. These impacts are especially important for lower-income households and other underserved populations.
Despite the general strength of the U.S. housing market, the benefits of housing, and of stable, maintained. Specifically, this paper argues that current decision modeling research that is interdisciplinary, combines descriptive and prescriptive perspectives, addresses the needs of diverse stakeholders, policy objectives, policy actions and is flexible in terms of temporal, geographical and programmatic scope has the potential to provide specific, actionable guidance to address the many housing-related social inequalities listed above.
As a prelude, it is useful to review a number of key definitions used throughout this paper.
"Subsidized" and "assisted" housing is used here to refer to housing targeted to low-and moderate-income families (typically, those with incomes at or below 80% of the area median income) with funds or incentives provided by Federal, state or local government. Means by which this is done for rental housing include (Olsen 2003) : government ownership and operation of newly-built housing; government contracts or tax credits with private developers to produce housing, or direct subsidies to families to secure private-market housing on their own. Means by which this is done for owner-occupied housing include mortgage interest and real estate tax deductions, below-market interest rate mortgages and mortgage insurance and support for government-sponsored enterprises that increase market demand for affordable housing financing instruments (Millenial Housing Commission 2002) .
"Affordable" housing is used here to refer to housing that is targeted at low-, moderate-and middle-income families (typically, those with incomes at or below 120% of the area median income). Such housing, which may be renter-or owner-occupied, may receive direct support from government sources, as for subsidized/assisted housing, or may be provided in exchange 1 "Decision sciences" is defined here to include: operations research, management science, operations management, decision theory and industrial engineering. All of these disciplines address the development of mathematical models of real-world public-sector systems, identification of policies, procedures or interventions that induce the system to generate outcomes that optimize certain key performance measures, and implementation of model solutions as changes in these systems (see, e.g. Pollock, Rothkopf and Barnett 1994) . 2 "Supply chain management" uses production and logistics processes to transform inputs into finished goods and services, thereby integrating supply and demand management. Central to supply chain management is the temporal planning scope: strategic, tactical and operational, and key technical processes relevant to housing and community development: location of facilities at which operations are performed and design of services delivered at these facilities (see, e.g. Mentzer 2000) .
for economic incentives provided by political jurisdictions or entities responsible to them, or to conform with zoning rules (Millenial Housing Commission 2002) . When targeted at the families of workers who provide essential municipal services, such housing is referred to as "workforce housing" (Urban Land Institute 2003) .
In this paper, prescriptive planning models are presented as a means to generate actionable recommendations for implementation by entities with line authority. However, these models should be properly viewed as an additional means by which urban and regional planning can develop strategies for affordable housing and sustainable communities. Traditional tools whose effectiveness might be enhanced by decision models include (Pendall et al. 2005) : traditional land-use zoning; subdivision regulation, growth management, smart growth, equitable development, and inclusionary zoning.
Finally, we use "sustainable" as a descriptor of housing and of communities in two ways. The first is to connote public policies or design standards that reduce the negative environmental impacts of residential development and community development generally, e.g. energy consumption, use of environmentally fragile lands, pollution or excessive water run-off (Priemus 2005 ). The second is to connote public policies or design standards that enable families of diverse economic means, racial/ethnic backgrounds or family compositions to live in housing and neighborhoods that enable then exercise to the fullest extent possible personal choice in housing, education and employment. This choice enables families to enjoy equal opportunity for economic and social mobility and enables communities to smoothly adapt to inevitable changes over time in employment, infrastructure and demographics.
The decision models discussed in this paper are policy-relevant on different levels. First, they may address problems leading to or stemming from unaffordable housing or unsustainable communities. Second, they may primarily address problems that affect choices or resources of individual families ("person-based" strategies) or problems that affect physical infrastructure or human resources of entire communities ("place-based" strategies) (Glaeser 2000 Design addresses the generation of policies that enable families to participate in housing programs, as well as setting development priorities and configuring communities composed of differing land uses and housing types. Choice confronts the challenge individual households face when choosing among alternative housing and neighborhood destinations the one that best balances different needs and preferences.
The analysis of the research literature in decision models for housing and community development, as well as examples of specific research results, yields a number of insights. First, the research literature, while long-lived and methodologically rich and diverse, is relatively thin and disconnected within the research community as well as disconnected from practice:
innovative models and applications are published in diverse journals, often with non-overlapping disciplinary audiences. Second, there has been very little research on either strategic or operational issues in housing, which makes the research hard to sell to high-level policy-makers (who demand evidence that an innovative program will make a difference) or to field managers (who want guidance regarding routine scheduling and resource allocation decisions). Third, the primary importance of these decision models for practitioners is not their specific prescriptions or analytic methods, but instead the potential for improved systems and process knowledge that can enable them to translate theory into action. Fourth, the "use case" scenario combining multiple decision models demonstrates the potential to link multiple stakeholders, temporal perspectives and techniques and answer "mission-critical" policy questions. Finally, ongoing and envisioned research in this area has the potential to incorporate methods from yet more disciplines (e.g. architecture, environmental engineering and computer science), to provide guidance to more organizations (e.g. local community development corporations) and to generate more computationally challenging decision problems.
The remainder of this paper is organized as follows. Section II is a review of the literature of decision modeling applications in housing and community development, with an emphasis on those that address issues of affordability and sustainability. Section III synthesizes the previous research and identifies key unanswered questions. Section IV contains a hypothetical application of multiple decision models to represent the transition from policy design to implementation of an affordable housing initiative. Section V contains a research agenda for decision models in housing and community development. Section VI concludes.
II. Survey of Decision Modeling Applications
The survey of decision modeling applications in affordable housing and sustainable community development is divided into descriptive research whose results may be used to support specific policy initiatives or strategies, prescriptive models whose results, based on methods to choose a most-preferred alternative or set of alternatives, are presumed to be determinative, and decision support systems, information technology applications that may use both descriptive and prescriptive research to automate the process of generating policy recommendations.
Descriptive Models
Descriptive models can be classified according to the unit of observation and the level of aggregation. One approach is to use an entire system as a basis for analysis, ignoring details of individual actors. Kelly (1998) advocates a systems dynamics approach as compared to a more traditional "pressure-state-response" framework to identifying variables to measure environmental sustainability of different development strategies worldwide, while Spilanis and Vlados (1994) focus on Southern Europe and propose different social and economic systems models to analyze socially and economically sustainable development strategies. Gleeson (1992) evaluates alternative national-level policies for renovation of the public housing stock on the basis of empirically-estimated survivor functions for housing estimated at the city level.
Another approach is to model entire systems (local, regional or national markets) using housing units, or collections of housing units, as fundamental units of analysis. Tiesdell (1994) evaluates the impact on regional housing markets of different economic relationships between private developers and public housing managers, and different physical configurations of subsidized and market-rate housing within individual developments. Skelton (1997) measures production of social (subsidized) housing in Ontario at the level of individual "third-sector" developers and planning areas to determine whether individual planning areas are receiving their "fair share" of social housing over time.
Other descriptive models use individual housing units, or families, as the unit of observation, and aggregate these actors to derive characteristics of larger systems. Priemus (2005) evaluates the relationship of an individual housing unit to its environment to define measures of environmental sustainability, and thus to determine whether sustainability policies based on housing-level performance targets has improved the environmental sustainability of the entire country. Gleeson (1985) uses observations of individual housing units in a city to estimate different survivor functions based on actuarial methods. Johnstone (2004) performs a life-cycle analysis of housing using a stocks-and-flows model based on observations of individual housing units to evaluate the benefits and costs of different housing construction and maintenance practices. Day (1995) uses 50 observations of homes advertised for sale, and detailed measurements of their attributes, to identify clusters of houses with shared attributes and key determinants of housing choice. Johnson, Ladd and Ludwig (2002) propose a framework for evaluating the benefits and costs of housing mobility programs using observations of individual participants, and apply the model to preliminary outcome evaluations of a housing mobility experiment.
Prescriptive Models
Prescriptive models for housing and community development can be classified as to their temporal and geographical scope and programmatic and spatial specificity. Certain systems models abstract away the details of specific markets or population regions to concentrate on the mathematical properties of systems models. Nikolopoulos and Tzanetis (2003) use a systems model of population flows between living arrangements in the wake of a natural disaster to formulate multiple partial differential equations whose transient solutions allow evaluation of different public policies and model validation against real-world data. Caulkins et al. (2005a,b) formulate a single-state model of housing mobility in a stylized metropolitan area in which the state is the level of middle-class families and the control variable is the level poor families introduced from high-poverty neighborhoods as part of a policy initiative. Solutions to an optimal control model in which discounted net present value is maximized subject to a differential equation describing systems dynamics allow identification of stable and unstable long-term equilibria associated with different housing mobility policies.
Other models introduce limited spatial and programmatic specificity. Brotchie (1978) computes the social surplus associated with stylized land use alternatives in generic regions, and optimizes this quantity subject to requirements that all activities are allocated to regions and no region exceeds its capacity for activities. Model solutions provide insights into the influence of a parameter describing the diversity of utility: different values indicate maximization of individual utility or of community utility.
Some prescriptive housing models are motivated directly by specific policy initiatives in specific geographic regions, but specific spatial characteristics of the study area are relatively unimportant. Frech and Thyagarajan (1975) use formula-based allocations and a gravity model to derive proposed allocations of affordable housing to portions of a metropolitan statistical area. Kim (1979) solves a linear programming model to allocate households to zones (e.g. Census tracts or municipalities) in order to minimize total commuting and housing costs and thus generate potential allocations of low-income housing that might satisfy the requirements of a fair housing policy. Johnson and Hurter (2000) and Johnson (2003) generate alternative potential allocations of households using rental vouchers to Census tracts across a county to jointly optimize measures of net social benefit and equity, subject to constraints on programmatic and political feasibility; a variation of the basic model (Johnson 2001c) incorporates uncertainty as to the actual locational outcomes of families making free use of rental vouchers. Johnson (2006c) solves a multiobjective model for location of project-based subsidized rental housing to optimize social efficiency and equity measures; a more general model (Johnson 2006b ) is applied to affordable housing (renter-and owner-occupied) that might be developed by a non-governmental organization as well as a public housing authority. Tiwari, Parikh and Sharma (1996) ignore spatial concerns altogether to focus on construction processes for affordable housing, choosing levels of production activities to minimize total costs subject to constraints on input and output levels, environmental impacts and construction technology requirements.
Another stream of research develops regional planning strategies using detailed representations of programs and/or planning units. Atkins and Krokosky (1971) design programs for urban renewal that assign specific building types, levels and prices to all land parcels in a study area using a simulation model, choosing the solution that optimizes a user-defined measure of net social benefit. Wright, ReVelle and Cohon (1983) solves a multiobjective land acquisition problem to optimize measures of compactness, land area and cost using grid cells as inputs and a customized heuristic solution method. Gilbert, Holmes and Rosenthal (1985) solve the land acquisition problem on a grid by jointly optimizing measures of acquisition and development cost, proximity to high-and low-amenity communities and compactness and using an enumeration method for the integer program that results. Gabriel, Faria and Moglen (2006) solve a planning problem for "smart growth" using actual, non-uniform land parcels and multiple objectives reflecting the perspectives of a government planner, an environmentalist, a conservationist and a land developer.
Tactical planning models for housing construction or redevelopment in specific, localized areas include Atkins and Krokosky (1971) , as well as others where spatial concerns are less important. Armacost et al. (1994) apply the Analytic Hierarchy Process with Quality Function Deployment to better reflect customer requirements for industrialized housing. Kaplan (1986) , Kaplan and Amir (1987) and Kaplan and Berman (1988) formulate and solve math programs related to production scheduling problems to design policies for relocating families in public housing communities undergoing renovations to minimize total development time while ensuring that as few families as possible are displaced from the housing community into private markets.
Operational models for real estate generally are relatively rare. Yau and Davis (1994) apply multi-attribute utility theory to rank applicants to a large commercial development; such a model could easily be applied to residential housing. Kaplan (1987) uses queueing theory to evaluate the impacts of race-based versus non-race-based tenant assignment policies in public housing on levels of racial segregation and waiting times for available units.
Decision Support Systems
Research applications of decision support systems (DSS) for housing and regional planning are numerous (see, e.g. Timmermans 1997), but those focusing specifically on affordable housing and/or sustainable communities are less common. Forgionne (1991) and Forgionne and Frager (1998) 
III. Synthesis of Previous Research
The research presented in the previous section represents a wide range of applications in affordable housing and sustainable community development: there is a strong base of evidence from descriptive models upon which to develop prescriptive models and decision support systems. In particular, the past two decades have seen powerful models to address planning, construction, redevelopment, household resettlement and management of housing and community development projects.
However, there are significant limitations to this body of research. Generally, these planning models are partial-equilibrium, deterministic and single-period in nature. There does not appear to a "theory" of affordable housing or community development planning that can be adapted to diverse application settings. Few models attempt to jointly and explicitly address two primary concerns of welfare economics: social welfare and equity. There are few linkages between strategic, tactical and operational models that correspond to the process of policy planning, design, implementation and evaluation. With some exceptions (e.g. Kaplan 1988, Forgionne and Frager 1998) What barriers prevent consistent use of prescriptive models? How can descriptive models for policy analysis address multiple policy alternatives simultaneously? How can prescriptive models explicitly address the "geography of opportunity" at local and regional levels? Can descriptive and prescriptive models facilitate cooperation or guide a "winnowing-out" process for providers that compete in certain regions? How can speculative, forward-looking models be validated? How can modelers trade off model realism and detail against tractability?
In the next section we describe a hypothetical combination of three decision modeling applications for subsidized housing that might begin to address some of these issues.
IV. Case Study: Decision Modeling Applications from Policy Design to Implementation
One type of strategic decision problem we consider is the choice and evaluation of housing and community development policies. A solution to this problem consists of program types (e.g.
housing subsidies) and intensities (e.g. funding levels, or number of program participants). Caulkins et al. (2005a,b) address the generation of long-term population outcomes associated with a stylized large-scale program in which low-income families use housing subsidies to relocate to low-poverty neighborhoods. The purpose of their model is to understand the circumstances under which a large-scale housing program might preserve the health of destination communities. The authors formulate an optimal control problem in which the single state variable represents the stock of middle-class families in a typical region and the control variable is the number of low-income families who move to the middle-class neighborhood. The objective of the model is to maximize total net discounted social benefits, and the single constraint sets the rate of change in the stock of middle-class families in a typical region to the sum of changes in the middle-class due to normal demographics, population inflows equal to low-income families who "assimilate" to the middle class, a function of the control variable, and population outflows associated with middle-class "flight", a function of the product of the state variable and the control variable. Figure 1 shows that for base-case values of structural parameters, a long-term (say 10 -20 years) equilibrium exists (near X = 1, or the base-case normalized population value) in which a housing mobility program run at low intensities in a generic metropolitan area would reduce the size of middle-class communities by only a small amount.
[ Figure Given support, in a strategic sense, for a particular housing policy, a tactical decision problem is to choose the amount and type(s) of housing to be provided in a specific region over a specific time period. Solving this problem requires specifying program locations (municipalities, neighborhoods or land parcels) and configurations (differing quantities of differently-sized rental-or owner-occupied housing units). One approach to this problem would be that of Gabriel, Faria and Moglen (2006) , who solve a multi-objective optimization problem to identify land parcels for development to balance the needs of planners, developers, environmentalists and government. Johnson (2006b) solves two complementary optimization models specifically for affordable housing but with much less spatial detail. The first is a longer-range model (e.g. a 3 -5 year planning horizon), based on the knapsack problem, for identifying regional investment levels to maximize social benefit. The second is a shorter-range model (e.g. a 2 -4 year planning horizon), based on the fixed-charge facility location problem, for identifying specific locations and development sizes to balance social benefit and equity. Figure 2 shows Pareto frontiers from this paper associated with solutions to the multi-objective optimization problem for owneroccupied and renter-occupied housing using data for Allegheny County, PA. These curves provide evidence of a range of policy alternatives that support choice of a "most-preferred" solution.
[ The SDSS uses geographic information systems to illustrate neighborhood characteristics, a relational database to store information on specific housing units, and a multi-criteria decision model to help clients make relocation decisions. Figure 3 illustrates the application's spatial data interface with fair housing data for Allegheny County, PA.
[ Figure 3 : Spatial Data Interface for Counseling Support DSS]
The significance of this survey of decision modeling applications is the relationships between strategic, tactical and operational models, which, one might argue, mirrors the sequence of decisions associated with a housing policy. That is, the first challenge is to enable decisionmakers and policymakers to justify the policy in terms of long-range impacts; the next challenge is to enable providers to implement the policy in ways best-suited to their service area; the last challenge is to enable clients to exercise choice to the greatest extent possible to take advantage of the program's benefits. At each stage of the process, the prescriptive models and/or decision support systems used rely crucially on research from other domains that provide evidence in support of the policy at hand.
V. Research Agenda
There are a number of promising extensions to the decision sciences-oriented research described in this chapter. We will address, briefly, descriptive models, prescriptive models, and decision support systems.
Descriptive Models
It was argued above that a key element of prescriptive models for affordable housing and community development is the formulation and measurement of social welfare. However, there are no studies evaluating, in a rigorous and comprehensive way, the social benefits and costs of various affordable housing and community development initiatives using comprehensive and recent data from the field. Such a study would be useful on its own, as a piece of evidence to support (or not) various housing and community development initiatives. It might also provide additional evidence by which the exploratory economic analyses of Galster (2002) proposing scale economies and diseconomies in social impacts of housing mobility might be validated.
Finally, this study would also enable prescriptive models for housing and community development to generate strategies whose optimized social impact objectives have realistic dollar valuations.
In the spirit of Spilanis and Vlados (1994) , it would be of interest to formulate multi-state dynamic models of affordable housing and community development programs that incorporate multiple transitions over space, class and time associated with policy interventions such as particular assisted housing programs but also normal class and household mobility. Recent work by Johnson and Caulkins (2006) represents an initial effort, but much more could be done to capture the complexity of actual metropolitan areas and housing and community development initiatives. Another approach that may show promise is the application of agent-based models to affordable housing and community development policy design (see, e.g. Brown and Robinson 2006 for an application to non-subsidized residential location). Here, agents could be individual families-low-income or not-who would choose to participate in a housing initiative, or perhaps developers who would choose to provide affordable housing or engage in sustainable development at different levels and in different locations. Such simulations could provide policy insights associated with complex initiatives that may lie beyond the capability of conventional analytic models or discrete-event simulation techniques.
Prescriptive Models
One challenge facing affordable housing providers and community development experts is choosing from the large set of affordable housing tools available (see, e.g. Washington Area
Housing Partnership 2005) the ones that are best-suited to their technical capabilities, funding streams and service area characteristics. A multi-criteria decision analysis of alternative housing and community development policy, administrative and political methods could provide significant insight to providers without the time or resources to perform such work on their own.
Another challenge facing affordable housing providers is the sheer number of them in any medium-to-large city or metropolitan area. They can be of many types: community development corporations, public housing authorities, community development partnerships, and others; their service areas may range from a single neighborhood the size of a Census tract, to an entire city, or even a county. How might these different actors cooperate and collaborate across jurisdictional boundaries in order to access the greatest amount of funding and support the initiatives with the greatest potential social benefits? What economic incentives might induce them to do so? A decision model that incorporates elements of facility location and competition and allows actors to merge or divide in order to provide the most socially beneficial housing and community development services would be of significant research interest (and perhaps of interest to funders as well).
Decision Support Systems
Information technology-enabled decision support is ubiquitous: one need think merely of on-line bidding and selling services, social networks, recommender systems, mapping and navigation services, and so on. Yet it is not often that any of the actors in affordable housing and community development-providers, developers/landlords, clients, and the wider community, especially in more distressed communities-have access to IT applications that might help them make better decisions about services to use, or provide a means for them to participate in the policy design (though see CommunityViz (www.communityviz.com), a commercial application that enables users to create community development models using scenarios, forecasting and 3-D visualization). Spatial decision support systems (SDSS) for affordable housing and community development that are easy for inexperienced users to master, that provide access to large databases of housing market and community-level data, that allow users to identify and rank alternative courses of action using a variety of decision methods, and that enable multiple users to collaborate in the manner of on-line social networks and thus build community expertise, might add significant value to the work of various actors in this field. Johnson (2005a) has performed some initial research towards a professional-quality SDSS that might fulfill the promise of the prototype described in (Johnson 2005b) . However, much more work can be done to more fully integrate IT into the policy design and service delivery processes of affordable housing and community development practitioners.
VI. Conclusion
In this paper we have presented a conceptual framework, motivated by practice as well as theory, for the use of decision models to address issues of affordability and sustainability in housing and community development. A review of the research literature in this area found a great diversity of models and applications over more than 35 years, but not, overall, an awareness of the need for cross-and interdisciplinary research to leverage different knowledge sets, a lack of a general theory of affordable housing and community development, and a general paucity of real-world applications of theory and methods. A hypothetical case study based on published research is supportive of the notion that descriptive models, prescriptive models and decision support systems could generate complementary results that provide evidence in support of new, transformed or scaled-up policy initiatives. Finally, a number of promising research extensions in each of these three areas were proposed that might both shed light on dynamics of real-world behaviors of actors in the housing and community development process and provide specific guidance to allow them to more fully enjoy the benefits of affordable housing and sustainable communities.
